Random X inactivation represents a paradigm for monoallelic gene regulation during early ES cell differentiation. In mice, the choice of X chromosome to inactivate in XX cells is ensured by monoallelic regulation of Xist RNA via its antisense transcription unit Tsix/Xite. Homologous pairing events have been proposed to underlie asymmetric Tsix expression, but direct evidence has been lacking owing to their dynamic and transient nature. Here we investigate the live-cell dynamics and outcome of Tsix pairing in differentiating mouse ES cells. We find an overall increase in genome dynamics including the Xics during early differentiation. During pairing, however, Xic loci show markedly reduced movements. Upon separation, Tsix expression becomes transiently monoallelic, providing a window of opportunity for monoallelic Xist upregulation. Our findings reveal the spatiotemporal choreography of the X chromosomes during early differentiation and indicate a direct role for pairing in facilitating symmetrybreaking and monoallelic regulation of Xist during random X inactivation.
INTRODUCTION
X chromosome inactivation (XCI) ensures equal levels of X-linked gene products in females (XX) and males (XY) (Lyon, 1961) . XCI is initiated during early development via upregulation of the noncoding Xist transcript, which coats one X chromosome in cis and triggers its silencing. Once established, XCI is then maintained through propagation of epigenetic marks during cell divisions. A remarkable feature of XCI is that two identical chromosomes become differentially expressed in the same nucleoplasm. Germline imprinting provides one way of achieving asymmetric expression (see Okamoto and Heard, 2009 for review). However, in most eutherians, and in postimplantation mouse embryos, XCI is random, with either the paternal or maternal X being silenced (Lyon, 1961) . Random monoallelic gene expression has also been reported to occur at some autosomal loci, with potentially important implications for development and disease (Gimelbrant et al., 2007) .
In the case of random XCI, the X-inactivation center (Xic), which includes the Xist gene and its antisense transcript Tsix, controls the initiation of this process (see Navarro and Avner, 2010 for review) . XCI takes place during the earliest stages of embryonic stem (ES) cell differentiation, at a time when other important developmental decisions are also being made. In undifferentiated female ES cells, Xist and Tsix are expressed at low levels, but upon differentiation, Xist becomes upregulated and Tsix downregulated on one of the two X chromosomes Debrand et al., 1999) . Consistent with this inverse expression pattern, Tsix and its enhancer Xite Lee and Lu, 1999, Sado et al., 2001; Ogawa and Lee, 2003) are known to repress Xist in cis.
Understanding how Xist becomes asymmetrically upregulated during early differentiation is thus central to our understanding of how the two X chromosomes become differentially expressed during random XCI. Activation of Xist during ES cell differentiation depends on downregulation of pluripotency factors such as Oct4, Nanog, and Sox2 (Navarro et al., 2008) , as well as the presence of XX-dosage-sensitive competence of sensing factors, such as the X-linked Rnf12 protein (Jonkers et al., 2009) , and possibly other loci (Xpr) or noncoding transcripts (Jpx, Ftx) located 5 0 to Xist (Augui et al., 2007; Tian et al., 2010; Chureau et al., 2011) . However, these sensing mechanisms do not readily explain why only one of the two Xist alleles is upregulated, not both. Stochastic Xist expression models might partly explain this (Monkhorst et al., 2008) , but the surprisingly low frequency of biallelic Xist upregulation during the initiation of XCI in mice suggests that some other means of ensuring precise monoallelic regulation exists.
Recently it was shown that the two Xic loci undergo transient homologous associations (pairing) during early differentiation, and it was proposed that this might play a role in the monoallelic regulation of Xist and Tsix during initiation of XCI (Bacher et al., 2006; Xu et al., 2006 Xu et al., , 2007 Augui et al., 2007) . Associations between homologous chromosomal loci have been proposed to underlie the establishment of opposite states of transcriptional activity on homologous alleles in other situations, for example, during immunoglobulin recombination in B cell development (Hewitt et al., 2009 ). In the case of X inactivation, pairing via the Xpr locus (Figure 1A) has been proposed to help bring together and facilitate pairing at the Tsix loci (Augui et al., 2007) , which in turn is proposed to enable coordination of monoallelic Tsix expression and reciprocal Xist expression (Xu et al., 2007; Scialdone and Nicodemi, 2008) . In support of this, deletion of both alleles of Tsix in females results in chaotic XCI, with biallelic or no Xist upregulation in a significant proportion of cells (Lee, 2005) . However, the coordinating role of Tsix pairing in monoallelic XCI has never been tested experimentally, and the actual relationship between Xic pairing and Xist/Tsix regulation has remained unclear, partly because of the asynchronous nature and heterogeneity of early differentiating ES cells, which renders the precise ordering of events impossible in fixed cells, where only snapshots of dynamic events can be obtained.
In this paper, we set out to examine the dynamics of X chromosome pairing and its possible outcome, using the Tet operator/ Tet repressor (TetO/TetR) tagging system in living ES cells. Both the Xic loci as well as other autosomal regions were visualized in real time in this way. We find a general increase in the dynamics of loci during early ES cell differentiation. This could have important implications for the multiple developmental decisions being taken during this time. We show that Tsix pairing is a transient event, lasting approximately 45 min, and that during pairing, the Tsix loci show reduced mobility, suggesting some form of tethering to each other. We also demonstrate that the outcome of pairing is often monoallelic Tsix expression, which could in turn lead to monoallelic Xist upregulation. We thus present one of the first live-cell investigations of the dynamics of genomic loci during early XX ES cell differentiation and demonstrate that transient homologous associations can provide an efficient means of generating asymmetric expression states.
RESULTS

Generation of TetO-Tagged Xic Loci in Female ES Cells
To visualize the Xic loci and other genomic loci in living ES cells, we exploited the TetO/TetR system (Michaelis et al., 1997) . We first targeted a single TetO array into a site located 65 kb downstream of Xist's 3 0 end and 35 kb away from Xite ( Figure 1A and Figure S1A available online), in order to avoid any deleterious effects on Xist/Tsix/Xite regulation and initiation of XCI. The homologous recombination construct harboring the 224-repeat TetO array (11.2 kb) and a neomycin resistance gene was targeted into one of the two Xic loci in the PGK12.1 mouse female ES cell line (Penny et al., 1996) (Figure 1B and Figure S1A ). Two correctly targeted clones out of 310 screened were obtained and one of them was used for further analysis ( Figure S1B) .
Insertion of the TetO into the Xic did not affect the onset of XCI or the choice of X chromosome for XCI. The hemizygous clone (PGKT1) was differentiated in vitro and analyzed for random XCI by Xist RNA FISH accompanied by TetO DNA FISH to distinguish the TetO-tagged allele. Normal kinetics of Xist upregulation and similar frequencies of XCI were observed for both the Xic TetO and untagged Xic alleles ( Figure 1C and data not shown). This hemizygous PGKT1 clone was then used to generate ES cells in which both Xic loci were tagged for visualization. Initially, targeting of the second Xic locus was attempted using a targeting construct containing a Lac operator (LacO) array. However, this failed despite repeated attempts. Instead, we generated Xic TetO homozygous cells by treating the hemizygous PGKT1 cells using increased G418 selection ( Figure 1B) (Mortensen et al., 1992) . One of the clones obtained (PGKT2) was found to have two X chromosomes, each of which carried a TetO-tagged Xic locus based on Southern blotting and DNA FISH on metaphase spreads ( Figures S1B-S1D) . A TetR-mCherry fusion protein construct was introduced into the PGKT2 cell line as a stable transgene to enable visualization of the two Xic TetO loci (Figure 1B) . In this clone (PGKT2-TetR), two TetR-mCherry foci could be readily detected by fluorescence microscopy (Figure S1E and Movie S1). The two TetR-mCherry foci corresponded to the TetO-tagged Xics as they systematically colocalized with punctate Xist/Tsix RNA FISH signals in undifferentiated ES cells ( Figure S1E ). Upon differentiation of PGKT2-TetR cells, monoallelic Xist RNA accumulation was observed with similar kinetics to the parental line ( Figure 1D ). We conclude that the presence of the TetO tag within each of the Xic loci and the expression of the TetR-mCherry protein in PGKT2-TetR cells did not interfere with normal XCI induction and kinetics. The PGKT2-TetR cell line was therefore used for subsequent experiments. In the course of this work, we also generated a series of ES cell lines carrying randomly inserted, autosomal TetO arrays, which we were able to use to assess general chromosome mobility, as will be described later.
Detection of Xic TetO Pairing in Living ES Cells
We next established conditions for live-cell imaging of TetOtagged Xic loci in PGKT2-TetR ES cells ( Figure S2A ; see also Experimental Procedures). Following deconvolution of threedimensional (3D) image stacks, more than 80% of nuclei showed two clear Xic TetO spots. In some cases, the TetR-bound locus appeared as a doublet, presumably due to sister chromatid separation ( Figure 2A and Movie S1 and Movie S2 Figure S2B ). We reproducibly observed a peak of approximately 5% to 10% cells showing Xic TetO pairing at around day 1 of differentiation in three independent experiments (Figures 2B and 2C and data not shown). These results agree with previous DNA FISH studies, where Tsix pairing was significantly enriched at day 1 or 2 of differentiation (Bacher et al., 2006; Augui et al., 2007) , and show that TetO-tagging of Xic loci does not interfere with normal pairing kinetics.
Increased Mobility of the Xics and Other Genomic Loci during ES Cell Differentiation
In order to determine the general context in which Xic pairing events occur, we wished to assess the dynamics of the Xics and of other genomic loci during ES cell differentiation. First, time-lapse 3D imaging was performed at various stages of differentiation of PGKT2-TetR cells (Figure 2A ). Using imaging conditions that minimize phototoxicity in differentiating ES cells (see Experimental Procedures), we first carried out experiments using 1 min time intervals (Dt = 1 min), over a 30 min period, in undifferentiated and differentiated ES cells (from days 1 to 4) (illustrated in Movie S1 for undifferentiated cells and Movie S2 for day 1 differentiated cells). The distances (d) between two loci were used to assess mobility, as this avoids issues of nuclear rotation (Marshall et al., 1997) . Measuring 3D distances at each time point (n > 50 cells imaged, at each day of differentiation), we noted that distances between the two Xic TetO loci appeared to be more variable during early differentiation as compared to undifferentiated ES cells, indicating a possible increase in mobility. This is illustrated when the change in TetO-TetO distances is plotted over time for multiple cells ( Figure S2C , compare cells differentiated for 1 or 2 days to undifferentiated cells). To quantify whether there was a difference in mobility and assess whether the movements observed were random (diffusive) or directional, we plotted the mean square displacement (MSD, < Dd 2 >) of the loci over time (Marshall et al., 1997; Carmo-Fonseca et al., 2002) . The slope of the MSD is proportional to the diffusion coefficient (D) of the loci (see Experimental Procedures). The more mobile two loci are, the faster the < Dd 2 > value increases over time, and the steeper the MSD slope. We measured the MSD for R40 cells at each stage of differentiation. For short time experiments, a linear increase of < Dd 2 > with increasing time intervals (Dt) was observed in all cases, suggesting that Xic TetO loci undergo diffusive rather than directional motion over a timescale of several to tens of minutes ( Figure 3A ). However, the MSD < Dd 2 > value increased more rapidly in differentiating cells (days 1, 2, 3, and 4) compared to undifferentiated cells ( Figure 3A ). This increased mobility could be seen even in day 8 differentiated cells (data not shown).
At day 1 of differentiation, 47% of cells (n = 62) showed a change in TetO-TetO distances of >2 mm over 1 hr, in contrast to only 14% of undifferentiated cells (n = 21). MSD values calculated from data points near the beginning versus the ends of extended observation periods did not change in any significant way indicating that the observed increase in mobility was not due to variable phototoxicity effects in differentiated versus undifferentiated cells ( Figure S3A ). We could also exclude that this increase in mobility was due to increased nuclear volume during differentiation, as we found no significant change in nuclear volume in day 1 differentiated cells compared to undifferentiated cells (data not shown), similarly to a previous study (Bacher et al., 2006) , even though mobility changed substantially between these two time points. At sufficiently longer times, the plateau of an MSD curve reflects constraints on long-range chromatin mobility imposed by chromosome and/or nuclear structure (see legend to Figure 3B ). Measurements over longer time periods (R120 min) revealed radii of ''constrained diffusion'' of $1.7 mm (square root of 3 mm 2 plateau) for both days 0 and 1. This is in the range of chromosome territory size and well below nuclear size ( Figure 3B ). We next evaluated whether the increase in mobility we observed during early differentiation was specific to the Xic locus See also Figure S2 .
or was a more general feature of the genome in early differentiating ES cells. To this end, different ES cell lines in which two independent autosomal loci had been tagged by random integration of TetO arrays and also expressed a TetR-mCherry transgene to enable visualization, were examined ( Figure 3C and Movie S3). The TetO-TetO distances in these lines (PGK28 and PGK134) were measured in living cells (in 3D, over time) at different stages of differentiation (n R 39 cells for each differentiation day) and MSDs were calculated. We observed a general increase in locus mobility upon differentiation, similar to that observed for the Xics, in both cell lines ( Figure 3D ). Although the kinetics of this increase differed in each case, the trend was the same, implying a general increase in genome mobility during early differentiation. In the case of the Xics, this greater mobility during early differentiation might facilitate the onset of homologous Xic pairing through an increase in the frequency of collisions between loci. On the other hand, it might also inhibit prolonged interactions during pairing. We therefore examined the dynamics of Xic loci during the pairing process in more detail.
Live-Cell Imaging and Dynamics of Xic TetO Pairing
Based on previous fixed cell data, it has remained unclear whether Xic pairing is a transient but frequent event, or else a prolonged but rare event. To assess the frequency and duration of pairing, and the mobility of the Xic loci during this process, live-cell imaging experiments were performed on PGKT2-TetR cells at day 1 of differentiation, which show the highest frequencies of Xic pairing ( Figures 2B and 2C ). This also corresponds to the time when reciprocal Xist/Tsix expression patterns 
Typical area of confinement is around 3 mm 2 for both undifferentiated cells and day 1 differentiated cells, leading to a typical radius of confinement of ffiffiffi 3 p z1:7mm. The fit yields D values in excellent agreement with those previously determined by MSD slopes for short-time experiment (see Figure 3D ). Because D undiff. cells is smaller than D day1 , the plateau is reached earlier for day 1 differentiated cells (around 95 min) than for undifferentiated cells (around 250 min). See also Figure S3 and Movie S3.
are first seen. Time-lapse imaging was performed on cells for 30 min periods, with 1 min intervals. We noted that in the majority of cells where Xic pairing (distances % 2 mm) was detected, both Xic TetO loci showed separated sister chromatids (84.1%, n = 44) in at least one frame of the 30 min time-lapse movie. Repeated overlap and separation between sister chromatids could be seen on the minute timescale (for example, Movie S1and Movie S4). The detection of sister chromatids at both loci implies that DNA replication must have been completed prior to Xic pairing. Indeed, this is consistent with our previous DNA FISH studies on FACS-sorted cells (Augui et al., 2007) , where we found that pairing occurs in S phase after Xic DNA replication. To assess Xic mobility during pairing, we calculated the MSD of the loci in cells displaying Xic distances of less than 2 mm. As shown in Figure 3A and Figure S3B , Xic
TetO loci in cells where pairing is ongoing have a remarkably reduced range of movement compared to the total population at day 1 of differentiation. Thus, once the two Xics encounter each other and pairing initiates, the loci become restrained, even in the context of a general increase in mobility during early differentiation. The reduced mobility of the loci observed during pairing would suggest that they may be tethered either to each other or to a common nuclear compartment that provides an additional restraint to that of each polymer to its chromosome. We also assessed whether Xic TetO loci ever showed complete overlap (i.e., d = 0 mm) during the course of pairing (i.e., d % 2 mm). In experiments where 1 min time intervals were used during imaging, the loci did show occasional complete overlap (6.8%, n = 44), although this lasted for only a few minutes at a time ( Figure 4A and Movie S4) and was not seen in all cells. Given the transient nature of the overlap, it may actually occur more frequently but would not be captured with the imaging intervals we used. In order to measure the actual duration of Xic pairing events (d % 2 mm), we performed time-lapse experiments for R150 min, with 5 min intervals to minimize phototoxicity and maintain total light exposure times the same as in 30 min movies. Under these imaging conditions, the cells appeared to grow and divide similarly to cells grown without imaging. Based on analysis of multiple nuclei (n = 8) over 150 min, Xic
TetO pairing was found to last an average of 42 min (±31 min), consistent with previous estimates based on fixed cell studies (Xu et al., 2007) . A representative cell, filmed for a 150 min period during which the Xic loci come together and remain within 2 mm of each other for 40 min, before separating again, is shown in Figure 4B and Movie S5. A few cells showed loci that appeared to be paired for R150 min probably corresponding to arrested/ dying cells due to the normal process of differentiation, and we did not include them in our analysis. Although longer time-lapse experiments (12-15 hr) were attempted, these were difficult to analyze owing to phototoxicity, as well as the fact that cells would often move out of the field of imaging.
Our previous work has shown that pairing is restricted to early S phase of the cell cycle (Augui et al., 2007) , but this does not account for its developmentally restricted onset. Recent studies have suggested that the pluripotency factor Oct4 may play a role in pairing (Donohoe et al., 2009) . To assess whether levels of Oct4, or other pluripotency factors that decrease during early differentiation, were correlated with the onset of Xic pairing, we performed immunofluorescence for Oct4 and Nanog following live-cell imaging. No clear-cut correlation could be seen of Oct4 or Nanog levels in Xic pairing versus nonpairing cells (Figure S4) , suggesting that overall levels of such factors do not dictate the onset of pairing during differentiation or in the cell cycle.
In conclusion, we find that Xic pairing occurs most frequently at day 1 of differentiation, shows no obvious correlation with pluripotency factor levels, and is a transient event, probably occurring in most of the population at least once per cell cycle during early differentiation. This latter conclusion is based on the fact that Xic pairing lasts for about 45 min on average, which represents approximately 5% of the cell cycle (estimated to be around 15 hr). This number is very close to the frequency observed for Xic pairing in the cell population (approximately 6%) at this stage of differentiation ( Figures 2B and 2C ). As pairing occurs almost exclusively in early S phase, after DNA replication of the loci (Augui et al., 2007) , cell-cycle regulation is likely to account for its transient nature. Finally, the reduced Xic mobility observed during pairing, despite the generalized increase in mobility during early differentiation, indicates that the two loci are somehow tethered, either to each other or to a common nuclear structure during this time.
Demonstration that Xic Pairing Frequently Results in Asymmetric Tsix Expression
We next investigated how Xic pairing events might be linked to Xist/Tsix regulation and the onset of random XCI. In undifferentiated XX ES cells, previous studies have shown that Tsix is expressed from both alleles in almost 100% of cells, and Xist expression is low (Debrand et al., 1999; Sun et al., 2006) . Upon differentiation, Tsix is downregulated and Xist is upregulated on one of the two X chromosomes during early differentiation (days 1-2), but the exact order of events is unclear. Furthermore, although it has been proposed that Xic pairing may participate in monoallelic Xist/Tsix regulation (Nicodemi and Prisco, 2007) , direct experimental evidence has never been provided in support of this model.
To assess patterns of Xist/Tsix expression before and after pairing in PGKT2-TetR cells, we first performed RNA FISH analysis on undifferentiated and day 1 differentiated cells. RNA FISH was performed using a combination of two double-stranded probes-one for Tsix (DXPas34), the other spanning 19 kb of Xist (p510) ( Figure 5A ). The p510 probe can detect both Xist and Tsix transcription, but we could distinguish Xist/Tsix RNA FISH profiles because the DXPas34 probe is specific for Tsix, and because only Xist shows distinctive RNA ''cloud'' signals ( Figure 5 ). Different categories of Xist and Tsix expression profiles were defined ( Figures 5B and 5C ). In undifferentiated ES cells, the overwhelming majority of cells showed biallelic Xist and Tsix expression (category 1, mauve) ( Figures 5A-5D ). At day 1 of differentiation, the proportion of cells showing different Xist/Tsix patterns increased as expected for the onset of XCI. In particular, a significant proportion of cells showed monoallelic Tsix and/or Xist expression ( Figures 5B, 5C , and 5E). An increased proportion of cells (13.3%) also showed an accumulation of Xist RNA on one allele (category 2, pink; Figures  5B, 5C , and 5E). At this early stage, the Xist RNA clouds are much smaller and fainter than those observed in completely differentiated cells but nevertheless can clearly be distinguished from a punctate, nascent transcript signal. We also observed a small proportion of cells with biallelic Xist RNA clouds (category 3, blue;
Figures 5B, 5C, and 5E). Based on this fixed cell analysis, we concluded that asymmetric Tsix and Xist expression patterns are established during the same differentiation time window as Xic pairing. However, it remained unclear whether Tsix downregulation precedes or follows Xist upregulation, whether Tsix downregulation causes Xist upregulation, or whether Xist upregulation triggers Tsix silencing in cis, and whether any of these events are linked to Xic pairing. We therefore combined our live-cell imaging analysis of Xic pairing events with RNA FISH to evaluate the transcriptional output of Xist and Tsix and to define the temporal order of these different profiles relative to Xic pairing.
Live-cell imaging was performed as described above in undifferentiated and day 1 differentiated cells ( Figure S2A ) and immediately followed by fixation and RNA FISH using Xist and Tsix probes. Live-cell (TetR-mCherry) and RNA FISH data (3D stacks) were collected from the same cells. In differentiated cells, we examined Xist/Tsix expression status either at short (10-60 min) or long (150-180 min) intervals following the onset of live-cell imaging. Cells showing Xic pairing were considered to be those with Xic
TetO distances of %2 mm at the onset of time-lapse experiments. We observed that the proportion of cells showing monoallelic Tsix expression (category 5, yellow) was higher in cells that had undergone pairing than in those that had not shown pairing ( Figures 5E, 5H , and 5I; Table S1A ). Moreover, monoallelic Tsix expression was found to be significantly enriched in cells at short (10-60 min) intervals after pairing, as compared to the cells that had not shown pairing ( p = 0.0083) ( Figures 5C, 5F , 5H, and 5I; Table S1B ). The proportion of category 2 (pink) cells with monoallelic Xist RNA accumulation also increased after Xic pairing, but only at later intervals (150-180 min) after pairing ( Figures 5C, 5G , and 5H; Table S1C ). Tsix, on the other hand, had returned to a biallelic expression state (category 2) at these later time intervals when increased Xist RNA upregulation is seen ( Figure 5G ). Thus, Tsix expression on one of the two alleles is extinguished transiently after pairing (10-60 min), but the silent Tsix allele is re-expressed 1-2 hr later. In summary, our findings combine real-time visualization of Xic pairing with analysis of Xist/Tsix expression status to define the precise order and potential causality of events at this critical decision-making time during XCI. We reveal dynamic changes in Xist/Tsix expression patterns following transient Xic interactions, with one of the two Tsix alleles being frequently silenced immediately (0-60 min) after pairing. The loss of Tsix-mediated repression on one allele may allow monoallelic Xist upregulation on that allele, as indicated by the increase in monoallelic Xist RNA accumulation observed subsequently (1-2 hr after pairing). By this time, however, the transiently silenced Tsix allele is re-expressed on the allele that has started to accumulate Xist RNA. Nevertheless, in cells that upregulate Xist, Tsix will eventually become silenced in cis. It should be noted that the transient Tsix asymmetry induced by Xic pairing may sometimes be unproductive as some cells revert to biallelic expression of Tsix with no Xist upregulation 1-2 hr later. However, as Xic pairing can occur not only at day 1 of differentiation but also at later time points (Augui et al., 2007; Xu et al., 2007) , there would be an opportunity at the next cell cycle to establish an asymmetric Tsix/Xist expression profile. In conclusion, our findings demonstrate that Tsix pairing provides a potential window of opportunity for transient, asymmetric Tsix expression, which in turn could enable monoallelic Xist upregulation in cis and could thus be a key event in the choice step during XCI initiation.
DISCUSSION
Inter-and intrachromosomal interactions in the nucleus have been increasingly linked to gene regulation and/or the coordination of gene expression (for reviews see Williams et al., 2010 and Schoenfelder et al., 2010) . Knowledge of the exact outcome of such trans-associations, at the level of gene expression, has been lacking, however, as studies so far were performed only in fixed cells, which can only provide snapshots and do not allow precise ordering of dynamic events. Here, we describe the in vivo dynamics and outcome of homologous trans-interactions that occur between the two Tsix loci on X chromosomes during the initiation of XCI in differentiating female ES cells. This study provides one of the first in vivo spatiotemporal analyses of chromosomal dynamics and homologous chromosomal interactions in ES cells. Our data support the hypothesis that pairing at the Xic loci can facilitate the establishment of asymmetric expression patterns. We also demonstrate that such events occur in the context of increasing genome dynamics during early differentiation. Live-cell imaging of the Xics and of other, autosomal loci that we present here provides important insights into locus mobility in ES cells and their early differentiated derivatives. The mobility of loci that we found in undifferentiated ES cells ($0.01 mm 2 /min) is in fact similar to values previously observed for loci in transformed human cell lines ($0.008 mm 2 /min) (Chubb et al., 2002) . The motion we detected for the Xic loci in ES cells corresponded to constrained diffusion, with a radius of constraint of $1.7 mm, which could correspond to the degree of constraint in a chromosome territory. Indeed, the Xic has been previously shown not to loop out of its territory to any significant extent (Augui et al., 2007) . In the course of our analyses, we observed no signs of significant directional long-range movements, such as those described following induction by transcriptional activators in somatic cells (Chuang et al., 2006) . However, we did find an increase in locus mobility during early differentiation. The mobility reached after 1-3 days of differentiation approximates to the ''rapid'' motion observed following induction of specific loci by transcriptional activators (Chuang et al., 2006) . This increase in locus mobility may be a general characteristic of the early differentiating ES cell genome, as we observed a similar increase for all loci examined. Intriguingly, chromatin dynamics (histone exchange) has been reported to decrease during differentiation of ES cells (Meshorer et al., 2006) . However, chromosome dynamics, which is a different (though possibly related) phenomenon than chromatin dynamics, had not so far been evaluated. Our results open up the possibility that increasing dynamics of genomic loci may accompany, or even participate in, the changes in gene activity underlying lineage-specific decisions in differentiating ES cells. This would be consistent with the recent proposal that chromosome position and configuration change during differentiation (Rajapakse et al., 2009 ). The increased mobility of genomic loci that we have detected may reflect active chromatin-remodeling movements within the nucleus, as has been reported in yeast nuclei (Gartenberg et al., 2004) , and/or be symptomatic of increased cytoskeletal movements, which could impose movement and deformation on the nuclear envelope and its contents.
Whatever the underlying cause of increased Xic mobility during early differentiation, we believe that this might facilitate the onset of pairing by increasing the frequency of collisions between loci and/or with different nuclear compartments (Figure 6) . However, once they have collided, the Xic loci remain tethered to each other (or to a specific nuclear compartment) as there is a marked decrease in mobility during pairing. Such tethering could occur via specific sequences in the Xic, or via association with a common nuclear compartment. So far, none of the nuclear compartments we have examined, such as nucleoli, the nuclear envelope, or replication foci, appear to be specific sites of Xic pairing (Bacher et al., 2006; Augui et al., 2007; and O.M., N.M., and E.H., unpublished data) . Although DNA-binding factors, such as CTCF and Oct4, have been implicated in pairing (Xu et al., 2007; Donohoe et al., 2009) , the ubiquitous nature of their binding is unlikely to explain the specificity of Xic pairing. Xic elements such as the Xpr locus may facilitate such specificity. Unlike Tsix, Xpr can pair autonomously when present as a single-copy transgene (Bacher et al., 2006; Augui et al., 2007) . Furthermore, Xpr is part of a large H3K9me2/H3K27me3 hotspot (Heard et al., 2001 ) that may help to hold the Xic loci together via heterochromatic proteins, thus enabling the Tsix loci to interact, with the help of proteins such as CTCF and Oct4. Keeping the loci together for a prolonged period of approximately 45 min may be essential for the exchange of information that occurs during Xic pairing and for its subsequent outcome.
Our findings shed new light on the outcome of pairing as we show that after the two Tsix loci have spent time in close proximity, they frequently show asymmetric expression upon separation. The explanation we favor is that during pairing, one or more regulatory factors of Tsix becomes asymmetrically distributed, resulting in unequal transcription on the two alleles during the 10-60 min time window following their separation (Figure 6 ). Although CTCF and Oct4, which are both reported to bind Tsix/ Xite, are candidates for these regulatory factors, so far no evidence has shown that they become asymmetric (Xu et al., 2007; Donohoe et al., 2009) . The fact that, after just 1 hr, Tsix biallelic expression is restored implies that asymmetry is transient. Nevertheless, by this time Xist upregulation has begun in an increased number of cells. We propose that the transient asymmetry in Tsix expression initiated during pairing creates a window of opportunity for upregulation of the Xist allele that is associated with the transiently downregulated Tsix allele. Once Xist RNA starts to accumulate, it will then presumably silence Tsix in cis. Thus a negative feedback loop is established, whereby transient, monoallelic downregulation of Tsix enables the upregulation of Xist, which will then shut down Tsix and lock in the transient asymmetry created by pairing ( Figure 6 ). Although Tsix reverts to biallelic expression without Xist RNA accumulation in some cases, Xic pairing during subsequent cell cycles could allow other opportunities for Tsix/Xist expression symmetry to be broken productively. We believe that this mechanism of Xist symmetry breaking via the Tsix locus could be a mechanism that evolved to optimize monoallelic Xist regulation in the mouse, as an additional layer of regulation to stochastic events and feedback loops provided by X-linked activators such as Rnf12 (Jonkers et al., 2009) . Indeed, in other mammals such as humans and rabbits, where a functional Tsix homolog may not exist, substantial biallelic Xist upregulation can be found during initiation of XCI (Okamoto et al., 2011) . In these mammals, Xist expression may ultimately become monoallelic only as a result of stochastic events, Rnf12-like feedback loops, and/or counterselection (Monkhorst et al., 2008) .
In conclusion, our study reveals the in vivo dynamics of chromosomal trans-interactions during early differentiation and shows that pairing can result in transiently asymmetric gene expression between two alleles. Defining the nature of the factors involved in Xic tethering and pairing, as well as those From left, nucleus of an undifferentiated ES cell, where both the X chromosomes are actively transcribed and Tsix is biallelically expressed, Xist being more weakly expressed. Upon differentiation, the mobility of chromosomes increases; this may result in increased frequency of random collisions between the two Xic loci. Once the two loci come together, they stay in close proximity (d % 2 mm) for $45 min and display reduced mobility, indicative of possible tethering to each other, either directly or via some common nuclear compartment. Immediately after pairing, Tsix expression becomes monoallelic transiently, through asymmetric distribution of certain factor(s) at the locus (schematically shown below). This transient downregulation of Tsix can provide an opportunity for upregulation of Xist transcription in cis and thus initiate XCI. Tsix monoallelic expression may return to a biallelic pattern at later time points, but this will no longer be able to prevent Xist RNA accumulation, and ultimately Tsix will be silenced by Xist in cis, ensuring that asymmetric Xist expression is locked in.
that are exchanged and become transiently asymmetrically distributed after pairing has occurred, represents the next challenge. It will also be of interest to assess the degree to which trans-interactions participate in establishing asymmetric gene expression at loci other than the Xic, both in the context of random monoallelic gene expression (for review, see Ohlsson, 2007) , as well as for nonhomologous loci when developmental decisions are being taken, and mutually exclusive expression patterns may sometimes be required.
EXPERIMENTAL PROCEDURES
Cell Culture Feeder-independent PGK12.1 mouse female ES cells were a gift from Neil Brockdorff (Penny et al., 1996) , and their culture has previously been described in detail (Bacher et al., 2006; Augui et al., 2007) . Briefly, ES cells were cultured in DMEM with 15% FCS, 1000 U/ml LIF, and Penicillin-Streptomycin (GIBCO) in 8% CO 2 . ES cells were grown on gelatin-coated glass coverslips. Differentiation was induced in the presence of all-trans-retinoic acid, as described previously (Rougeulle et al., 2004) .
Plasmids and Constructs
To generate a targeting plasmid pSPO2/FAB/TetO for homologous recombination, two homology arms were PCR-amplified from mouse genomic DNA with the primers (FA arm primers, 169 and 4756B; FB arm primers, 4756A and 910B) as previously described (Clerc and Avner, 1998) Gene Targeting and Southern Blotting PGK12.1 cells were electroporated with NotI-linearized pSPO2/FAB/TetO plasmid and selected with Neomycin (0.3 mg/ml). Colonies were picked and screened by Southern blotting, using standard protocols. Briefly, extracted genomic DNA was digested with PstI, then resolved on a 0.6% agarose gel. The resolved DNA was transfered to Positive TM Membrane (Qbiogen) and probed with 32 P-labeled FD-1/2 DNA probe (generated with PCR primers FD1 and FD2) to distinguish wild-type (WT) allele and targeted allele. The primer sequences are as follows: FD1, 5 0 -GCCAGGGTTGGGTCTTGAAC-3 0 ;
FD2, 5 0 -CCGACCCGACTGAGGAGTTT-3 0 .
In order to generate homozygous Xic TetO cells, one of the heterozygous Xic TetO clones identified was treated with increased dosage of G418 (30 mg/ ml) for 1 week. Colonies were picked and assessed by Southern blotting for the presence of the targeted allele but the absence of the WT allele. Clones were further analyzed by DNA FISH on metaphase spreads to confirm karyotype, Xic TetO Xic TetO status, and chromosome integrity. The pBROAD3/TetRmycNLS-mCherry-expressing construct was transfected into PGKT2 cells and selected with Hygromycin B, using standard transfection and selection procedures (see Augui et al., 2007) .
Live-Cell Imaging PGKT2 cells expressing the TetR-mCherry transgene were seeded at 5 3 10 4 cells/cm 2 on gridded-glass-bottom dishes (Matsunami Inc.) or on 12 mm coverslips in a 6-well plate for 1 or 2 days before differentiation was initiated. All images were acquired with 60 ms exposure time and 1003/1.4 objective with 0.3 mm intervals between planes by the DeltaVision system (API). Total exposure time was kept less than 100 s to avoid excess phototoxicity. All images were deconvolved and analyzed with softWoRx software (API). Toxicity was assessed using various conditions of imaging and by assessing cell morphology and viability after several hours.
Mean Square Displacement Analysis
Three-dimensional manual tracking of distance between the two loci was performed using the ''measure distance'' tool in softWoRx software. MSD calculation was carried out using Matlab (mathworks, http://www. mathworks.com/). Assuming that chromatin motion is modeled as a random walk (Marshall et al., 1997) , the relative mobility of the loci can be determined by plotting their mean square displacement (MSD or < Dd 2 > where Dd = d(t+ Dt)-d(t)) as a function of increasing time intervals Dt (d is the distance between the two loci at each time point). Free diffusion (unconstrained motion) gives a linear relationship between MSD and time intervals, whereas in the case of constrained diffusion, the MSD will reach a ''plateau.'' According to Qian et al. (1991) , the statistical errors related to MSD computation quickly become large when Dt becomes large: as a result, MSD curves should be based only on early time points (the first quarter of all time points). Error bars in individual MSD curves were calculated using the appropriate statistical approach (Saxton, 1997) . Slopes k of individual MSD curves were obtained by a leastsquare linear fitting of the first quarter of points. Three-dimensional diffusion constant D were then determined k = 6D, as our analyses were done in 3D.
To make the analysis more robust (i.e., to circumvent the statistical variance inherent to individual cells), we averaged all individual MSDs over all the individual runs recorded for a given differentiation stage. After averaging over N individuals' MSDs, the error bar is thus reduced by a factor of about 1= ffiffiffi ffi N p .
Immunofluorescence and RNA and DNA FISH Immunofluorescence, RNA FISH, and DNA FISH were performed as described previously (http://www.epigenome-noe.net/WWW/researchtools/protocol. php?protid=3 and Augui et al., 2007) . The Xist probe was the p510 plasmid (Rougeulle et al., 1994) and the Tsix probe was the DXPas34 plasmid (Debrand et al., 1999) . The bacterial artificial chromosomes (BACs) used as probes for certain regions of Xic were as described previously (Augui et al., 2007) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four figures, one table, and five movies and can be found with this article online at doi:10.1016/j.cell.2011.03.032.
